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A B S T R A C T
Comparison of UV, H2O2, Fe2+, UV/H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2 processes
for the removal of percentage color, COD and electrical energy per order from the eﬄuent dis-
tillery industry. The results showed that, UV/Fe2+/H2O2 process yield higher percentage color
and COD removal with low electrical energy per order than UV, UV/H2O2, UV/Fe2+ process. To
obtain the UV/Fe2+/H2O2 process performance by operating various parameters on the per-
centage color and COD removal using response surface methodology. A Regression quadratic
model describing the percentage color and COD removal eﬃciency of UV/Fe2+/H2O2 process
were developed and validate by analysis of variance. Experimental results showed that, UV/
Fe2+/H2O2 process can eﬀectively reduced 96.50% of color and 84.40% of COD removal of the
distillery industry wastewater under the optimum conditions such as Fe2+–1.50 mM,
H2O2–200 mM, COD–1500 ppm and pH–3.2, respectively. Result concluded that, UV/Fe2+/H2O2
process can be used eﬀectively for the treatment of real industrial eﬄuent.
1. Introduction
Important current environmental problem is to treat the industrial eﬄuent and this is a very diﬃcult task due to the variety of
industrial eﬄuent from various industries such as textile [1], leather [2], pharmaceutical [3], pulp and paper [4], distillery [5,6],
petroleum [7], agro –industrial [8], heavy metal [9], etc. Considering the distillery industry eﬄuent is the most important one, due to
the generation huge amount wastewater various stages. The eﬄuent containing persistent organic compound, dark brown color, high
Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD) and Total Dissolved Solids (TDS), Total Suspended Solids (TSD)
and low pH, etc. If it is not properly treated the industrial eﬄuent, before discharge into the water bodies. The eﬄuent can not only
cause environmental deterioration but also adversely aﬀect the human health [10]. In order to, avoid deterioration of water resources
and reuse treated industrial wastewater from an eﬄuent treatment technique, taking also into consideration that organic and in-
organic compounds in eﬄuents are insuﬃciently removed by conventional physical, chemical and biological process. Advanced
oxidation processes (AOPs) are being studied as an alternative option to the traditional methods [11]. AOPs are eﬀective methods for
removing organic and inorganic pollutants from an industrial wastewater because; it can destroy hazardous contaminants, and not
simply transfer them from one phase to another phase as do conventional treatment techniques [12–14]. The main advantage of AOPs
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comparing with biological, physical and chemical process was destructive nature that causes mineralization of organic contaminants
in wastewater and it was as low-or even non-waste generation technologies, and produce short-lived chemical species with a great
power of oxidation (•OH). Hydroxyl radicals (•OH) are the main oxidizing species produced by AOPs, because of its non-selectivity
and high reactivity. Many researchers have been taken eﬀorts to eliminate the pollutant from various industrial eﬄuent using AOPs
like catalytic wet oxidation [15], ozonation and Fenton's oxidation [16], Fenton process [17], photo-Fenton process [18–20] and
combined sono–photo-Fenton process [21]. In all these processes, Fenton and photo-Fenton process appears to be most promising
method considering overall removal eﬃciency of the process based on high reaction yield, oﬀer a cost eﬀective source of HO• and it is
easy to operate and maintain [21,22]. Hideyuki Katsumata et al. studied the photo-Fenton degradation of alachlor in the presence of
citrate solution and reported that, this method can be applied to wastewater treatment as a new developing methodology for reducing
the pollutant [23,24]. Lucas and Peres, investigated the decolorization of azo dye Reactive Black 5 using Fenton and photo-Fenton
process and found that the complete decolorization of dye in shorter reaction time [25]. Elmorsi et al., studied the decolorization of
Mordant red 73 azo dye using photo-Fenton process and found that this method was promising techniques for the degradation of
MR73 dye [26]. Yamal-Turbay et al., studied and reported, that the photo-Fenton treatment has eﬀective process for removing the
tetracycline from water solutions [27]. Aﬀam et al. reported that, the UV-Fenton process is eﬀective treatment for pesticide was-
tewater and to meet the Malaysian industrial eﬄuent discharge standard [28]. From the literature review, many investigations have
been used for the treatment of industrial eﬄuent using the methods of UV treatment, UV/H2O2, Fe2+/H2O2 and UV/Fe2+/H2O2
process [24,25,29–31]. All the earlier cited works carried out for the pollutant removal using synthetic solution and only few works
has been studied for the pollutant removal using real eﬄuent. The most of the research work has focus on treatment eﬃciency based
on decolorization and degradation. In photo based AOPs, the electrical energy per order having important parameter due to operating
costs and economical point of view of the process. So in this research work, we are focus on the removal of pollutant (in terms of %
color and COD removal eﬃciency) and also determination of electrical energy per order by UV/Fe2+/H2O2 process from the distillery
industrial eﬄuent using RSM.
1.1. Response surface methodology (RSM)
In the photo-Fenton system, many factors such as Fe2+ and H2O2 concentration, eﬄuent COD concentration and pH were in-
ﬂuence of UV/Fe2+/H2O2 process. The hybrid process eﬃciency may be increased by optimization of these factors using RSM. In
conventional multifactor experiments, optimization is usually carried out by varying a single factor while keeping all the other factors
ﬁxed at speciﬁc set of conditions [32–34]. This method was time consuming and incapable of eﬀective optimization. Recently,
Response Surface Methodology (RSM) has been employed to optimize and understand the performance of complex systems [35,36].
By application of RSM it was possible to evaluate the interactions of possible inﬂuencing factors on treatment eﬃciency with a
limited number of planned experiments.
RSM is a type of mathematical and statistical technique used for experimental design, building models, assessing relative sig-
niﬁcance of several independent variables synergism and determining the optimal conditions for desirable response [37]. In this
study, the main objective is to optimize the response surface that is inﬂuenced by process parameters. RSM also quantiﬁes the
relationship between controllable input parameters and obtained response surfaces [38]. Process optimization by RSM was faster for
gathering experimental research results than the rather conventional, time consuming one factor- at-a-time approach [39–41]. In
RSM, the two most common designs extensively used are Box-Behnken Design (BBD) and Central Composite Design (CCD). The Box-
Behnken designs are a collection of three-level designs that have various geometric constructions. The CCD consist of (a) factorial
points, which are a 2k design or 2k-f fractional factorial design of at least resolution V, (b) star or axial points, which have each factor
in turn set to its high and low levels and the other factors at central level, and (c) center points, which have all factors set to their
central level. In the present study, CCD was selected as standard RSM for optimizing the operating parameters (Fe2+ concentration,
H2O2 concentration, eﬄuent COD concentration and eﬄuent initial pH). The CCD was selected in this study because of its eﬃciency
with respect to number of runs required for ﬁtting a second order response surface model [42]. In addition, CCD was ideal for
sequential experimentation and allows a reasonable amount of information for testing lack of ﬁt while not involving an unusually
large number of design points [43] to provide high quality predictions over the entire design space in comparison with Box-Behnken
Design [44].
The general structure of the second-order mathematical model, with interactions according to the depended variable (Yi) in the
response surface analysis, is:
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where, Yi is the value of the color and COD removal, b0 is the constant coeﬃcient, bi(i = 1,2,3 and 4) is the linear coeﬃcients, bii (i
= 1,2,3 and 4) is the quadratic coeﬃcients, bij (i = 1,2,3 and 4; j = 1,2,3 and 4) is the interaction coeﬃcients and xi, xj are the
coded values of the factors [44]. The Design Expert (Version 9.0.6.2) was used for the data processing. Experimental data were ﬁtted
to a second-order polynomial equation, and regression coeﬃcients were obtained. The analysis of variance (ANOVA) was performed
to justify the signiﬁcance and adequacy of developed regression model. The response surface models adequacy were evaluated by
calculation of determination coeﬃcient (R2) and testing it for the lack of ﬁt.
The objective of this study is: (1). The comparison of UV, H2O2, Fe2+, UV/H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2
process in terms of color and COD removal eﬃciency with electrical energy per order and select the best one. (2). To study and
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optimize operating factors such as Fe2+ concentration (0.5–2.55 mM), H2O2 concentration (50–250 mM), eﬄuent COD concentration
(1000–5000 ppm) and eﬄuent pH 2–4) on the percentage color, COD removal and determination of electrical energy per order from
distillery industry wastewater by applying the CCD under RSM and (3). To verify the ﬁtted model and determine the optimum
experimental conditions for the removal of color and COD from distillery industrial eﬄuent using UV/Fe2+/H2O2.
2. Material and methods
2.1. Material
The distillery industrial eﬄuent was used in this study and collected from nearby industry. The main characteristics of the eﬄuent
are: Chemical Oxygen Demand (COD): 80,000–90,000 mg L−1, Biological Oxygen Demand (BOD): 7000–8000 mg L−1, pH: 4.1-4.3,
Total Suspended Solids (TSS): 15.44 gL−1, Total Dissolved Solids (TDS): 5550–5750 mg L−1, Color – dark brown, odor – burnt sugar.
The following chemicals used in the present study: Hydrogen per oxide (50% w/w), Ferrous sulfate heptahydrate (FeSO4·7H2O), and
H2SO4, NaOH to adjust the pH value. All the chemicals were analytical grade and purchased from Merck Company. Double distilled
water is used to prepare the solutions in all experiments.
2.2. Methods
The experimental set-up of the reactor employed for photochemical treatment of the industrial eﬄuent is shown in Fig. 1. The
photochemical reactor made of borosilicate glass with net capacity of 1000 mL. The reactor is surrounded with a water-cooling jacket
to remove the heat produced by UV lamp and to maintain a constant temperature and also photochemical reactor outside covered
with an aluminum foil to avoid any light leakage to the outside. top of photochemical reactor have an inlet and outlet port to feeding
catalyst and withdraw the sample. The volume of eﬄuent was used 750 mL and pH of solution was adjusted using proper NaOH and
H2SO4 solution. The photochemical reactor was placed on a magnetic stirrer to maintain a uniform eﬄuent concentration. The source
of UV irradiation was a 16 W low-pressure mercury vapor lamp with maximum emission at 254 nm placed in a quartz tube. The UV
lamp was immersed in the eﬄuent and to be treated. During the photochemical reaction, diﬀerent time intervals of samples were
collected from sampling port and quenched with Na2SO3 to arrest the solution, then ﬁltrate using a ﬁlter paper and immediately to
ﬁnd out the color removal (Spectroquant Pharo® 300) and COD removal (Spectroquant® TR320).
2.3. Analysis
2.3.1. Percentage color and COD removal
The removal color and COD (%) of sample was calculated using the below equation
= − ×Abs
Abs
Color removal, (%) 1 100t
0 (2)
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Fig. 1. Experimental setup of UV/Fe2+/H2O2 process.
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where,
Abs0 and Abst are the absorbance of initial and at any time t samples for corresponding wavelength λmax
= − ×COD
COD
COD removal, (%) 1 100t
0 (3)
where,
COD0 and CODt (ppm) are the Chemical Oxygen Demand (COD) at time t = 0 (initial) and at t (reaction time) respectively.
2.3.2. Electrical energy per order evaluation
Energy eﬃciency of UV based AOPs is usually quoted in terms of electrical energy per order. The major fraction of operating cost
in photochemical process is mainly associated with electrical energy per order and it can be deﬁned as the number of kWhr (kilo Watt
hour) of electrical energy required to reduce the concentration of a pollutant by 1st order of magnitude in 1 m3 of contaminated
water [29]. The electrical energy per order can be calculated by using the Eq. (4).
= × ×
× × ( )
P t
V log
Electrical energy per order 1000
60
, (kWhr/m3order1)el
COD
COD
i
t (4)
where,
Pel is the rated power (in kW), t is the irradiation time (in min), V is the volume of eﬄuent taken (in litre), CODi and CODtis the
COD concentration (in ppm) at initial and ﬁnal.
The COD removal of industrial eﬄuent was investigated using the pseudo-ﬁrst-order kinetic model, as shown in Eq. (5).
⎜ ⎟⎛
⎝
⎞
⎠
=log COD
COD
kti
t (5)
where,
k is the pseudo ﬁrst order rate constant for the decay of the eﬄuent COD concentration (min−1)
Combining the above Eqs. (4) and (5) simply gives an equation for the electrical energy determination in the form
= P
V k
Electrical enegy per order 38.4*
*
el
(6)
3. Results and discussions
3.1. Comparison of UV, H2O2, Fe2+, UV/H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2 processes
In the ﬁrst part of the study is UV, H2O2, Fe2+, UV/H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2 processes were compared in
terms of percentage color and COD removal eﬃciency as well as electrical energy per order from the real distillery industrial eﬄuent
and the results are given in the Fig. 2. It is evident from the Fig. 2, the percentage color removal was about 12%, 22%, 18%, 67%,
50%, 58% and 96.40% and for the percentage COD removal was about 7%, 15%, 12%, 55%, 48%, 40.50%, and 83.94% by UV
treatment, H2O2, Fe2+, UV/H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2 process, respectively. The results indicated that, the use
of UV irradiation, H2O2 and Fe2+ treatment alone had low color and COD removal eﬃciency. It is due to small amount of •OH is
formed in the presence of only UV irradiation, H2O2 and Fe2+ [45,46]. Moderately low percentage color and COD removal eﬃciency
was observed for UV/H2O2, UV/Fe2+ and Fe2+/H2O2 processes and highest percentage color and COD removal eﬃciency was
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Fig. 2. Comparison of UV, H2O2, Fe2+, UV/H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2 process on the percentage color, COD removal and electrical energy per
order (condition: Fe2+ concentration :1.50 mM; H2O2 concentration:200 mM; eﬄuent COD concentration:1500 mM; eﬄuent pH: 3.2 and reaction time: 3 h).
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observed by combined UV with Fe2+/H2O2 process, similar observation has also been reported for the Photodegradation of Reactive
Black 5, Direct Red 28 and Direct Yellowv 12 [47]. It is known that UV/Fe2+/H2O2 process results in a higher hydroxyl radicals (•OH)
production compared to the UV treatment, H2O2, Fe2+, UV/H2O2, UV/Fe2+ and Fe2+/H2O2 process, thus increasing the pollutant
removal eﬃciency in UV/Fe2+/H2O2 system [48]. In UV/Fe2+/H2O2 process, introduce the Fe2+ and H2O2 into UV system led to an
important increase to generate more HO• radical in abundant quantities for an eﬃcient pollutant removal within shorter reaction
time. The reactions mechanisms involved in UV/Fe2+/H2O2 process for the removal of pollutant was discussed and given bellow. The
UV/Fe2+/H2O2 process utilizes a combination of hydrogen peroxide (H2O2) and Ferrous ions (Fe2+) in the presence of UV radiation.
The ﬁrst step of the process is the Fenton reaction [49], represented by Eq. (7).
+ → + ++ + −Fe H O Fe OH OH2 2 2 3 • (7)
In the presence of UV radiation, Ferric ions (Fe3+) produced in thermal Fenton reaction are photocatalytically converted back to
ferrous ions (Fe2+), as shown in equation, with formation of an additional equivalent of HO• [50].
+ ⟶ + ++ + +Fe H O Fe H HOhv3 2 2 • (8)
The HO• formed in these two reactions react with organic species (RH) present in the system, promoting their oxidation, as
indicated below the equation.
+ → +HO RH H O R• 2 • (9)
Oscar Primo et al. observed the same trend in the comparison of photo-Fenton, Fenton-like, Fenton and UV/H2O2 process for the
landﬁll leachate and they are report UV/Fe2+/H2O2 process was to be the most eﬃcient method [51]. It compares the electrical
energy per order of diﬀerent UV-based AOPs such as UV, UV/H2O2, UV/Fe2+ and UV/Fe2+/H2O2 is a measure of the electrical
eﬃciency of AOPs system. Electrical energy per order was calculated using Eq. (4) for the removal of COD from distillery industry
eﬄuent using UV based AOPs and the results are shown in Fig. 2. According to the Fig. 2, the minimum electrical energy per order of
0.12 kW h/m3 was required for the removal of 83.94% COD and 96.40% color in the UV/Fe2+/H2O2 process. The UV, UV/H2O2 and
UV/Fe2+ process having higher electrical energy per order with lower removal of color and COD eﬃciency compared to the UV/
Fe2+/H2O2 process. Low electrical energy per order describes more eﬃcient treatment methods for the removal of pollutant. So the
further investigation UV/Fe2+/H2O2 was studied and to obtain the UV/Fe2+/H2O2 process performance by operating various
parameters such as H2O2 concentration, Fe2+ concentration, eﬄuent COD concentration and eﬄuent pH was studied for the removal
of color and COD using response surface methodology.
3.2. Central Composite Design
Central Composite Design (CCD) process involves mainly four major steps: (i) Design of experiments: the determination of the
independent parameters and their levels are carried out. (ii) Mathematical model developed: A mathematical model of the second
order response surface with the best ﬁttings is developed. (iii) Optimum point found: the optimal sets of experimental parameters that
produce a maximum or minimum value of response are found. (iv) Response surface and contour plot: The response surface and
contour plot response as a function of independent parameters and determination of optimal points are determined. In this research
work, four factors and ﬁve level CCD was used to evaluate and optimize the UV/Fe2+/H2O2 process variables on the responses such
as percentage color and COD removal eﬃciency of distillery industry wastewater. The variables and levels of design model are given
in Table 1. The total number of experiment with four factors was obtained as 30 run. Twenty four experiments were augmented with
six replications at the design center to evaluate the pure error and were carried in randomized order as required in many design
procedures. Table 2 shows number of experimental run, experimental conditions and response of percentage color and COD removal
eﬃciency with predicted value.
3.2.1. Statistical analysis and ﬁtting of second-order polynomial equation
Experiments were performed to study the eﬀect of Fe2+ concentration(X1), H2O2 concentration(X2), COD concentration(X3) and
eﬄuent pH(X4) on the percentage color and COD removal eﬃciency using UV/Fe2+/H2O2 process for the industrial eﬄuent. The
results of the percentage color (Y1) and COD (Y2) removal eﬃciency by UV/Fe2+/H2O2 process were measured according to design
matrix and measured responses are listed in Table 2. Linear, interactive, quadratic and cubic models were ﬁtted to the experimental
data to obtain the regression equations. Two diﬀerent tests namely sequential model sum of squares and model summary statistics
Table 1
Coded and actual values of the variables of the design of experiments for the UV/Fe2+/H2O2 process.
Variable Unit Factors Levels
− 2 − 1 0 + 1 + 2
Fe2+ concentration mM X1 0.5 1 1.5 2 2.55
H2O2 concentration mM X 2 50 100 150 200 250
Eﬄuent COD concentration ppm X 3 1000 2000 3000 4000 5000
Eﬄuent pH – X 4 2 2.5 3 3.5 4
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were employed to decide about the adequacy of various models to represent percentage color and COD removal eﬃciency by UV/
Fe2+/H2O2 process. Results of these tests are given in Tables 3 and 4, for percentage color and COD removal eﬃciency, respectively.
It can be seen from the Tables 3 and 4, the cubic model was found to be aliased. For quadratic and linear models, p value was lower
than 0.02, and both of these model could be used for further study as per sequential model sum of squares test. As per model summary
statistics results is given in Tables 3 and 4, the quadratic model was found to have maximum “Adjusted R2” and “Predicted R2” values
excluding cubic model which was aliased (Tables 3 and 4). Therefore, quadratic model was chosen for further analysis.
Table 2
Experimental design matrix and response based on the experimental runs and predicted values on Color removal and COD removal (%) proposed by CCD design.
Run order Fe2+ mM, (X1) H2O2 mM, (X2) COD ppm, (X3) Eﬄuent pH, (X4) Color removal, (%) COD removal, (%)
Actual Predicted Actual Predicted
1 1.5 50 3000 3 60 58.39 44.5 45.25
2 2 200 2000 2.5 85.5 84.99 70 71.43
3 1 200 2000 3.5 85.45 85.21 70.75 72.12
4 2 100 4000 3.5 66 66.84 51 51.57
5 2 200 4000 3.5 69.5 68.91 55.25 56.25
6 1.5 150 5000 3 56.5 55.35 42 41.88
7 1.5 150 1000 3 95 95.13 83.25 80.92
8 1 200 4000 3.5 62 60.99 47.5 48.07
9 2 100 2000 3.5 84 83.58 69 69.25
10 1 100 2000 3.5 78.5 77.79 63 63.44
11 1.5 150 3000 3 83 83.00 66.5 66.50
12 1 100 2000 2.5 63.75 64.70 50 50.01
13 1.5 150 3000 2 50 47.93 34.5 33.73
14 1.5 150 3000 4 66.25 67.30 54 52.41
15 1 200 2000 2.5 75.25 75.08 62 62.88
16 1.5 150 3000 3 83 83.00 66.5 66.50
17 1 100 4000 2.5 48 48.46 34.5 34.08
18 2.5 150 3000 3 90.5 89.43 75 72.92
19 1.5 150 3000 3 83 83.00 66.5 66.50
20 1.5 150 3000 3 83 83.00 66.5 66.50
21 1 200 4000 2.5 51.25 52.04 40.75 41.51
22 1.5 150 3000 3 83 83.00 66.5 66.50
23 0.5 150 3000 3 73 73.05 58 57.63
24 1 100 4000 3.5 59.5 60.37 45.25 44.83
25 2 100 4000 2.5 57 57.60 42.5 42.14
26 2 200 4000 2.5 61.25 62.63 50 51.00
27 1.5 250 3000 3 70.25 70.84 66 62.79
28 2 100 2000 2.5 71.5 73.17 56.25 57.13
29 2 200 2000 3.5 92.25 92.45 77.5 79.36
30 1.5 150 3000 3 83 83.00 66.5 66.50
Table 3
Sequential model sum of squares and model summary statistics for % color removal.
Sequential model sum of squares
Sum of Mean F p-value
Source squares df square Value Prob>F
Mean vs Total 1.570E + 005 1 1.570E + 005
Linear vs Mean 3571.80 4 892.95 13.85 < 0.0001
2FI vs Linear 66.04 6 11.01 0.14 0.9899
Quadratic vs 2FI 1523.80 4 380.95 265.89 < 0.0001 Suggested
Cubic vs Quadratic 18.25 8 2.28 4.93 0.0247 Aliased
Residual 3.24 7 0.46
Total 1.622E + 005 30 5405.85
Model summary statistics
Std. Adjusted Predicted
Source Dev. R-Squared R-Squared R-Squared Press
Linear 8.03 0.6891 0.6394 0.5790 2182.01
2FI 9.02 0.7019 0.5449 0.4869 2659.62
Quadratic 1.20 0.9959 0.9920 0.9761 123.79 Suggested
Cubic 0.68 0.9994 0.9974 0.9099 466.83 Aliased
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3.2.2. Evaluation of experimental results with design of experiments
A four factor and ﬁve levels CCD was applied to optimize the mutual eﬀects of four independent variables such as Fe2+ con-
centration(X1), H2O2 concentration (X2), eﬄuent COD concentration(X3) and eﬄuent pH(X4) on the percentage color and COD
removal eﬃciency. The design of experiment and the results of the RSM tests are listed in the Table 2. According to the results of
RSM, a second order polynomial regression equation for describing the percentage color (Y1) and COD (Y2) removal eﬃciency can be
expresses as follows.
= + + −− + + +Color Y 0.10X 0.11X 0.95X 0.84X 0.36X X 0.17X X 0.67X X 0.70X X 0.74X
X 0.29X X 0.44X 0.60X 0.94X 0.35X
removal, (%) 83 4 3 9 4 0 0 –0 –1 –0
–0 –0 –4 –1 –6
1 1 2 3 4 1 2 1 3 1 4 2 3 2
4 3 4 1
2
2
2
3
2
4
2 (10)
= + + + +
+
COD Y 0.82X 0.39X 0.77X 0.67X 0.36X X
0.23X X 0.33X X 0.36X X 0.05X X 0.67X X 0.31X 0.12X 0.28X 0.86X
removal, (%) 660.50 3 4 –9 4 0
0 –0 –1 –1 –0 –0 –3 –1 –5
2 1 2 3 4 1 2
1 3 1 4 2 3 2 4 3 4 1
2
2
2
3
2
4
2 (11)
Table 4
Sequential model sum of squares and model summary statistics for % COD removal.
Sequential model sum of squares
Sum of Mean F p-value
Source squares df square value Prob>F
Mean vs Total 1.011E + 005 1 1.011E + 005
Linear vs Mean 3622.02 4 905.50 18.81 < 0.0001
2FI vs Linear 58.99 6 9.83 0.16 0.9836
Quadratic vs 2FI 1107.65 4 276.91 112.55 < 0.0001 Suggested
Cubic vs Quadratic 18.67 8 2.33 0.90 0.5643 Aliased
Residual 18.24 7 2.61
Total 1.059E+005 30 3531.00
Model summary statistics
Std. Adjusted Predicted
Source Dev. R-Squared R-Squared R-Squared PRESS
Linear 6.94 0.7506 0.7107 0.6540 1669.77
2FI 7.76 0.7628 0.6380 0.5696 2076.96
Quadratic 1.57 0.9924 0.9852 0.9559 212.58 Suggested
Cubic 1.61 0.9962 0.9843 0.4558 2625.94 Aliased
Table 5
ANOVA of the second-order polynomial equation for % color removal.
ANOVA for response surface quadratic model
Source Sum of squares df Mean square F value p-value Prob>F
Model 5161.63 14 368.69 257.34 < 0.0001 Highly signiﬁcant
X1-Fe2+ concentration 402.62 1 402.62 281.02 < 0.0001 Highly signiﬁcant
X2-H2O2 concentration 232.50 1 232.50 162.28 < 0.0001 Highly signiﬁcant
X3-COD concentration 2374.07 1 2374.07 1657.05 < 0.0001 Highly signiﬁcant
X4-eﬄeunt pH 562.60 1 562.60 392.68 < 0.0001 Highly signiﬁcant
X1X2 2.10 1 2.10 1.47 0.2445
X1X3 0.46 1 0.46 0.32 0.5811
X1X4 7.16 1 7.16 4.99 0.0411 signiﬁcant
X2X3 46.24 1 46.24 32.27 < 0.0001 Highly signiﬁcant
X2X4 8.70 1 8.70 6.07 0.0263 signiﬁcant
X3X4 1.38 1 1.38 0.96 0.3418
X12 5.33 1 5.33 3.72 0.0730
X22 579.60 1 579.60 404.55 < 0.0001 Highly signiﬁcant
X32 103.30 1 103.30 72.10 < 0.0001 Highly signiﬁcant
X42 1104.90 1 1104.90 771.20 < 0.0001 Highly signiﬁcant
Residual 21.49 15 1.43
Lack of Fit 21.49 10 2.15
Pure Error 0.000 5 0.000
Cor Total 5183.12 29
Coeﬃcient of Variance = 1.65; adequate precision = 55.767.
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3.2.3. Adequacy of the model tested for percentage color and COD removal
Analysis of variance was carried out to justify the signiﬁcance and adequacy of the regression model and the results are sum-
marized in Tables 5 and 6. The model F-value for percentage color and COD removal were about 257.34 and 139.02, respectively, the
value indicating that the models were highly adequate and signiﬁcant. Furthermore, the determination coeﬃcients (R2) of the models
were 0.9959 and 0.9924 for color and COD removal, respectively, which indicated that prediction of color and COD removal eﬃ-
ciency by the polynomial model was excellent. Moreover, the F-values for lack of ﬁt of 21.49 for color removal and 36.91 for COD
removal implied that the lack of ﬁt was signiﬁcant. There is only a 0.01% for color removal and 0.01% for COD removal chance that a
lack of ﬁt F-value this large could occur due to noise. Furthermore, a relatively low value of the coeﬃcient of variation (CV, %) in
Tables 5 and 6 apparently showed that variation was acceptable and satisfactory. In addition, adequate precision can be used to
measure the signal to noise ratio. Desirable ratios of 55.76 for color removal and 42.54 for COD removal implied an adequate signal.
Therefore, the models could be applied to navigate the design space. The values of all regression coeﬃcients with the signiﬁcance
levels were given in Tables 5 and 6. It could be seen from the Table 5 for the percentage color removal eﬃciency, the linear
coeﬃcients of Fe2+ concentration(X1), H2O2 concentration(X2), COD concentration(X3) and eﬄuent pH(X4) and the interaction eﬀect
of Fe2+ concentration(X1)xeﬄuent pH(X4), H2O2 concentration(X2)xCOD concentration(X3), H2O2 concentration(X2)xeﬄuent pH
(X4) as well as the quadratic coeﬃcient of H2O2 concentration(X22), COD concentration(X32) and eﬄuent pH (X42) are signiﬁcant
factors and for the percentage COD removal eﬃciency (Table 6), the linear coeﬃcients of Fe2+ concentration (X1), H2O2 con-
centration(X2), COD concentration(X3) and eﬄuent pH(X4) and the interaction eﬀect of H2O2 concentration(X2)xCOD concentration
(X3), H2O2 concentration(X2)xeﬄuent pH (X4) as well as the quadratic coeﬃcient of H2O2 concentration(X22), COD concentration
(X32) and eﬄuent pH(X42) are signiﬁcant factors at a level less than 5%. The ANOVA analysis shows that the form of the model
chosen to explain the relationship between the factors and the response is correct [32]. Accuracy of the data could be examined by
constructing a normal probability plot of the residuals. Normally, the residuals distributed points in the plot should follow a straight
line. Fig. 3(a) and (b) illustrates the normal probability plot of residual values for the percentage color and COD removal eﬃciency,
respectively. There was no apparent problem with normality and no requirement for response transformation. The studentized
residual versus predicted values are shown in Fig. 4(a) and (b) for the percentage color and COD removal eﬃciency; the random
scatter of the residuals (above and below the centerline) indicated that the model for color and COD removal was signiﬁcant.
Furthermore, the Fig. 5(a) and (b) showed that the actual versus predicted values of color and COD removal eﬃciency approximately
ﬁt the 45° line, demonstrates that the quadratic model was appropriate in ﬁtting the color and COD removal eﬃciency for the
experimental data. The above results illustrated the accuracy and applicability of the central composite design model for color and
COD removal process optimization.
3.3. Combined eﬀect of operating parameters for percentage color and COD removal eﬃciency
Three dimensional response surface plots are plotted using developed mathematical models in order to study the individual and
interactive eﬀect among the process variables on the responses and also used to determine the optimal condition of each factor for
maximum removal eﬃciency of color and COD.
Table 6
ANOVA of the second-order polynomial equation for % COD removal.
ANOVA for response surface quadratic model
Source Sum of squares df Mean square F Value p-value Prob>F
Model 4788.66 14 342.05 139.02 <0.0001 Highly signiﬁcant
X1-Fe2+ Concentration 350.75 1 350.75 142.56 <0.0001 Highly signiﬁcant
X2-H2O2 Concentration 461.57 1 461.57 187.59 <0.0001 Highly signiﬁcant
X3-COD concentration 2286.38 1 2286.38 929.25 <0.0001 Highly signiﬁcant
X4-eﬄuent pH 523.32 1 523.32 212.69 <0.0001 Highly signiﬁcant
X1X2 2.07 1 2.07 0.84 0.3739
X1X3 0.88 1 0.88 0.36 0.5590
X1X4 1.72 1 1.72 0.70 0.4159
X2X3 29.57 1 29.57 12.02 0.0035 Signiﬁcant
X2X4 17.54 1 17.54 7.13 0.0175 Signiﬁcant
X3X4 7.22 1 7.22 2.94 0.1072
X12 2.58 1 2.58 1.05 0.3223
X22 266.84 1 266.84 108.45 <0.0001 Highly signiﬁcant
X32 44.61 1 44.61 18.13 0.0007 Highly signiﬁcant
X42 941.18 1 941.18 382.53 <0.0001 Highly signiﬁcant
Residual 36.91 15 2.46
Lack of Fit 36.91 10 3.69
Pure Error 0.000 5 0.000
Cor Total 4825.57 29
Coeﬃcient of Variance = 2.70; adequate precision = 42.546.
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3.3.1. Eﬀect of H2O2 and Fe2+concentration
In the photo - Fenton processes, concentration of H2O2 and Fe2+ play very important parameters in terms of overall cost process
removal eﬃciency and largely responsible for generation of hydroxyl radicals [25,31]. The important parameters such as eﬀect
dosage of H2O2 and Fe2+ concentration on color and COD removal eﬃciency was investigated by UV/Fe2+/H2O2 process for the
distillery industrial wastewater and the results are given in Table 2 and shown in Fig. 6(a) and (b). Fig. 6(a) and (b) shows that the
combined eﬀects of H2O2(X2) and Fe2+(X1) concentration on the percentage color and COD removal eﬃciency at a constant amount
of eﬄuent COD concentration of 3000 ppm, eﬄuent pH of 3 and reaction time of 3 h. The both % color and COD removal eﬃciency
was increased with increasing of H2O2(X2) concentration ranging from 50 to 200 mM and then slightly decreased, when further
increasing H2O2(X2) concentration from 200 to 250 mM, at any value of Fe2+ concentration(X1). The increasing trend in the color
and COD removal eﬃciency is due to the increase in hydroxyl radical (•OH) concentration by addition of H2O2 concentration. The
slightly decreases is due to that the fact that at a higher H2O2 concentration scavenging of hydroxyl radicals (•OH) will occur, which
can be expressed by the following equations [25].
+ → +HO H O H O HO• 2 2 2 2• (12)
+ → +HO HO H O O2• • 2 2 (13)
+ →HO HO H O• • 2 2 (14)
The reduction potential of HO2• is much lower (1.0 V) than that of HO• (2.8 V) and this is most probably the reason for decrease in
color and COD removal eﬃciency [52]. Similar observation has also been observed [25].
The eﬀect of H2O2 concentration on electrical energy per order has been studied and the results are shown in Fig. 7. As it can be
seen from the Fig. 7, when H2O2 concentration was increased from 50 to 200 mM, the electrical energy per order was decreased from
0.37 to 0.13 kW h/m3, it is due to the generation of more hydroxyl radicals with increasing H2O2 concentration; however when the
H2O2 concentration increasing from 200 to 250 mM, the electrical energy per order was increased from 0.13 to 0.21 kW h/m3. This is
may be due to fact that the coincident hydroxyl radicals at higher concentration of H2O2 [29].
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Fig. 3. Plot for relationship between normal % probability and external studentized residuals for (a) % color removal and (b) % COD removal.
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Eﬀect of Fe2+(X1) concentration on the removal color and COD removal eﬃciency was investigated using the photo-Fenton
process in the range of from 0.5 to 2.5 mM and the results are shown in Fig. 6(a) and (b). It was found that from Fig. 6(a) and (b),
color and COD removal eﬃciency was increased with increasing the initial Fe2+ concentration at any value of H2O2 concentration
(X2) and the higher color and COD was obtained with 2 mM. However, further increases in Fe2+ initial concentration showed no
further color and COD removal due to the fact that HO• – scavenging reactions became more and more dominant at excessive
Fe2+concentrations [53] according to reaction (15) and (16) [25].
+ → +−H O HO H O HO2 2 • 2 2• (15)
+ → ++ − +Fe HO OH Fe2 • 3 (16)
The eﬀect of Fe2+ concentration on electrical energy per order was also calculated for removal of color and COD from distillery
industry wastewater using the UV/Fe2+/H2O2 process and the results are shown in the Fig. 8. From the Fig. 8, the electrical energy
per order decreased from 0.25 to 0.14 kW h/m3, when the increasing Fe2+ concentration from 0 to 2.0 mM, further increasing Fe2+
concentration from 2.0 to 2.5 mM, the electrical energy per order was increased from 0.14 to 0.16 kW h/m3. According to our results
indicate that optimum level of Fe2+ and H2O2 concentration in UV/Fe2+/H2O2 process produce more hydroxyl radicals comparing
with other experimental conditions [29].
3.3.2. COD concentration and eﬄuent pH
The initial COD concentration of eﬄuent and initial eﬄuent pH in a given UV/Fe2+/H2O2 process is important factor which is
needs to be taken into account [54]. The combined eﬀect of eﬄuent COD concentration(X3) and eﬄuent pH(X4) with constant
amount of H2O2 of 150 mM, and Fe2+ concentration of 1.5 mM with reaction time of 3 h on the percentage color and COD removal
was studied using the UV/Fe2+/H2O2 process for the distillery industrial eﬄuent and the results are given in the Table 2 and shown
in Fig. 9(a) and (b). The inﬂuence of COD concentration on removal of percentage color and COD eﬃciency is shown in Fig. 9(a) and
(b). From the Fig. 9(a) and (b) it is possible to see that the extent of color and COD removal decreases with the increasing eﬄuent
COD concentration from 1000 to 5000 ppm. The increase in eﬄuent COD concentration, which means that increases number of
organic molecules and not the HO• radical concentration, so percentage color and COD removal eﬃciency was decreased. In any
photochemical process at high eﬄuent concentration, the penetration of photons entering into solution decreases thereby was
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Fig. 4. Plot for relationship between residuals and predicted values response for (a) % color removal and (b) % COD removal.
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lowering the •OH concentration. Consequently, the removal of pollutant was decreased with increasing eﬄuent COD concentration
[55,56]. Eﬀect of COD concentration on electrical energy per order was also investigated and the results are shown in the Fig. 10. It is
evident from the Fig. 10 the electrical energy per order was increased from 0.12 to 0.40 kW h/m3 with increasing eﬄuent COD
concentration from 1000 to 5000 ppm. This is may be due to that the less production of •OH with increasing eﬄuent COD con-
centration.
Reaction pH is one of the most important process parameters in the Fenton and photo-Fenton processes, since iron speciation
which in turn determines the UV absorption, complexation, and dissolution properties of the catalyst, is strongly aﬀected by solution
pH [57]. The most suitable pH range for the removal of organic pollutants with the Fenton and photo-Fenton processes has already
been established as 2–5 [25,58,59]. The eﬀect of initial eﬄuent pH on the percentage color and COD removal eﬃciency was studied
and the results are shown in the Fig. 9(a) and (b). It can be ascertained from the Fig. 9(a) and (b) the eﬃciency color and COD
removal was increased with increasing eﬄuent pH from 2 to 3. However, the eﬄuent pH changing from 3 to 4, the percentage color
and COD removal was decreased, these results are in agreement with those reported in previous studies [25]. The major reactions of
the formation of HO• in the photo-Fenton process include Fenton reaction, photolysis of hydrogen peroxide and photo reduction of
ferric ion, as shown in Eqs. (7), (8) and (17), respectively.
+ →H O UV HO22 2 • (17)
As indicated in Eq. (7), the amount of HO• formed through Fenton process is aﬀected by pH. The HO• can be eﬃciently formed
especially under acidic condition. The optimal pH of Fenton and photo-Fenton process was around 3 [60] because the main species at
pH 2–3, Fe(OH)2+(H2O)5, is the one with the largest light absorption coeﬃcient and quantum yield for •OH radical production.
Eﬀect of eﬄuent pH on electrical energy per was investigated and the results are shown in Fig. 11. It is evident from the Fig. 11,
the electrical energy per order was decreased from 0.53 to 0.20 kW h/m3 with increasing eﬄuent pH from 2 to 3, however, further
increasing eﬄuent pH from 3 to 4, the electrical energy per order increased from 0.20 to 0.28 kW h/m3. The above results indicating
that at eﬄuent pH 3, in this condition produce more hydroxyl radicals. Consequently, the eﬄuent pH 3 gives low electrical energy
per order and also gives higher removal of color and COD with other condition.
Actual value of COD removal, (%)
Pr
ed
ic
te
d 
va
lu
e 
of
 C
O
D
 r
em
ov
al
, (
%
)
Actual value of Color removal, (%)
)
%(,lavo
merroloCfoeulavdetciderP
(a)
(b)
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3.4. Optimization
One of the main purposes of this investigation is to obtain the optimal conditions for the percentage color and COD removal eﬃciency
from industrial wastewater using UV/Fe2+/H2O2 process. The results were optimized using the regression equation of RSM. In the
optimization of Fe2+ concentration(X1), H2O2 concentration(X2), eﬄuent COD concentration(X3) and eﬄuent pH(X4) were selected as
within range and the responses such as color (Y1) and COD (Y2) removal eﬃciency was maximized. Under these optimum conditions such
as Fe2+ concentration(X1) -1.50 mM, H2O2 concentration(X2)-200 mM, eﬄuent COD concentration(X3)-1500 mM and eﬄuent pH(X4)-3.2,
the percentage removal of color and COD was found to be 96.5% and 84%, respectively which are validated by conducting additional
experiments under the above optimal conditions. A mean value of 96.40% for color removal and 83.94% for COD removal are obtained
(a)
(b)
Fig. 6. Response surface plots for the eﬀects of Fe2+ concentration (X1) and H2O2 concentration (X2) on the (a) % color removal and (b) % COD removal (condition:
COD concentration:3000 ppm; eﬄuent pH:3; reaction time: 3 h).
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Fig. 7. Eﬀect of H2O2 concentration on electrical energy per order by UV/Fe2+/H2O2 process (condition: Fe2+ concentration: 2 mM; COD concentration: 3000 ppm;
eﬄuent pH: 3; reaction time: 3 h).
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from the experimental, which is in close agreement with the predicted values obtained. The good correlation between these actual results
and predicted results indicate that the reliability of CCD incorporate desirability function method and it could be eﬀectively used to
optimize the UV/Fe2+/H2O2 process parameters for any types of industrial eﬄuent [61].
4. Instrumental analysis
Fig. 12. shows that the UV/Vis spectra (Spectroquant Pharo® 300) of distillery industry wastewater at diﬀerent photochemical reaction
time intervals. The absorption peak decreased with increasing photochemical reaction time. The position of the absorbance peak also changes
from 302 nm to 262 nm which is indicating that, the new byproducts are formed and also the decolorization and degradation was occurred.
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Fig. 8. Eﬀect of Fe2+ concentration on electrical energy per order by UV/Fe2+/H2O2 process (condition: H2O2 concentration: 200 mM; COD concentration: 3000 ppm;
eﬄuent pH:3; reaction time: 3 h).
(a)
(b)
Fig. 9. Response surface plots for the eﬀects of eﬄuent COD concentration (X3) and eﬄuent initial pH (X4) on the (a) % color removal and (b) % COD removal
(condition: Fe2+ concentration: 1.5 mM; H2O2 concentration: 150 mM; reaction time: 3 h).
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5. Conclusion
In the present experimental work, treatment of distillery industry wastewaters by diﬀerent AOPs such as UV, H2O2, Fe2+, UV/
H2O2, UV/Fe2+, Fe2+/H2O2 and UV/Fe2+/H2O2 process has been studied. According to our results of the present studies showed that
UV/Fe2+/H2O2 process was an eﬃcient method for the removal color and COD with lower electrical energy per order from distillery
industry wastewater. The use of response surface methodology involving central composite design for optimization of process
parameters was studied. Experiments were performed as a function of Fe2+ concentration(X1), H2O2 concentration(X2), eﬄuent COD
concentration(X3) and eﬄuent pH(X4), these factors are well studied and optimized. The second-order polynomial regression model
with high determination coeﬃcients suggested a good ﬁt of the model to the experimental data. The optimized values, at which the
highest percentage color (96.50%) and COD (84.40%) removal was attained with low electrical energy per order of 0.12 kWhr/m3,
are achieved: Fe2+ concentration − 1.50 mM, H2O2 concentration – 200 mM, eﬄuent COD concentration – 1500 ppm and eﬄuent
pH-3.2. The experimental results demonstrated that RSM was suitable for optimizing the operation parameters for color and COD
removal by UV/Fe2+/H2O2 from industrial eﬄuent. The coupled UV/Fe2+/H2O2 system appears as a promising process for the
removal of pollutant from any industrial eﬄuent.
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Fig. 10. Eﬀect of COD concentration on electrical energy per order by UV/Fe2+/H2O2 process (condition: Fe2+ concentration: 2 mM; H2O2 concentration: 200 mM;
eﬄuent pH: 3; reaction time: 3 h).
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